The LER and LWR of subtractively patterned Si and SiN waveguides was calculated after each step in the process. It was found for Si waveguides that adjusting the ratio of CF4:CHF3 during the hard mask open step produced reductions in LER of 26 and 43% from the initial lithography for isolated waveguides patterned with partial and full etches, respectively. However for final LER values of 3.0 and 2.5 nm on fully etched Si waveguides, the corresponding optical loss measurements were indistinguishable. For SiN waveguides, introduction of C4H9F to the conventional CF4/CHF3 measurement was able to reduce the mask height budget by a factor of 5, while reducing LER from the initial lithography by 26%.
INTRODUCTION
The powerful technological potential of silicon-based photonic waveguides as sensors has been well documented in the literature, from applications ranging from food safety 1 to detecting toxic and greenhouse gases such as carbon monoxide (CO) and methane (CH4) 2 . The compatibility of these materials with integrated circuit fabrication flows facilitates the creation of devices that can couple the sensing capabilities of waveguides with CMOS devices for signal processing. The burgeoning Internet of Things (IoT) industry requires a proliferation of sensors to acquire and transmit data, however the mass production of such devices may require a reevaluation of performance metrics when cost efficiency and reliability must be optimized. For instance, reduction of line edge roughness (LER) for Si waveguides to improve fidelity of optical signal has been a concern 3 , however, the relative impact of reflections from the sidewall can be reduced by material selection to minimize the discrepancy between refractive indices (e.g. utilizing SiN/SiO2). The effective current density from sidewall perturbations ( ⃗ ) is proportional to the difference between the squares of the permittivities of the core and cladding materials ( 2 and 2 , respectively), as depicted in the following equation: Table 1 . Comparison between refractive indices of waveguide material systems examined in this paper. The difference between the permittivities squared is proportional to the influence of perturbations on the system.
It should be noted there is a general tradeoff between tolerance to perturbations and tunability, i.e. material combinations with larger permittivity differences tend to be more susceptible to perturbations but also possess a higher degree of tenability. An additional complication is that the target application may limit the material choice, e.g. for biological sensing applications that require transparency in the very near infrared (VNIR) spectrum, Si is unsuitable and SiN is a superior candidate. 4 As such, robust plasma etch processes for the patterning of these waveguides and the relationship between LER and profile with optical loss measurements is of particular importance if this technology is to realize its full potential. This study investigated the role of plasma etch chemistry in various components of the patterning process, ranging from the mask open to the main etch (for Si and SiN waveguides respectively). The effect on LER and LWR of each step in the fabrication process was characterized and for Si waveguides optical loss was measured in an attempt to establish a correlation between these metrics and performance of the waveguides.
EXPERIMENTAL SETUP

Plasma Reactor
All plasma etch processes were conducted in an inductively coupled plasma (ICP) reactor. The chamber walls, showerhead and electrostatic chuck (ESC) temperature were maintained at 65, 65 and 80°C respectively. All gases employed were 99.9999% purity.
LER/LWR Measurements
Power spectral density (PSD) analysis in SUMMIT software was used to compute the LER/LWR from top-down SEM images. The magnification of the images and beam voltage of the SEM was kept constant to ensure consistency for ease of comparison.
Waveguide Patterning
Si waveguide patterning was carried out using an NTD resist/20 nm SiARC/100 nm OPL lithographic stack as illustrated in Figure 1 . Waveguides were patterned using either a partial or full Si etch in accordance with the "rib" or "wire" geometric scheme. For SiN waveguide patterning, two separate lithographic stacks were evaluated: (i) NTD resist/20 nm SiOx/100 nm a-C and (ii) NTD resist/15 nm Ti/100 nm a-C, illustrated in Figure 2 . The Ti films were deposited using evaporation and the a-C was deposited at a temperature of 550°C. Figure 3 (a) and (b). The partial Si etch was achieved using a calibrated time based on the known rate and desired depth. For isolated features, the 5:1 condition resulted in a 26% reduction in LER from lithography to the final patterned feature. Conversely for the 1:1 condition the LER was nearly unchanged. For arrayed waveguides (~300nm pitch) the 5:1 condition showed an increase in LER of ~10%, while in the case of the 1:1 condition the increase was much more pronounced at
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24%. The LWR measurements showed increases in the 1:1 condition of 44% and 157% for arrayed and isolated waveguides respectively. The arrayed waveguides for the 5:1 condition saw a similar increase in LWR of 42%, however the LWR of isolated waveguides decreased by 37%.
A closer examination of the LER/LWR progression in both cases is shown in Figure 4 It can be seen that for the case of the 1:1 condition there is an increase in LER post-SiARC/OPL etch for both isolated and arrayed waveguides, whereas the 5:1 condition shows a decrease. The subsequent partial Si etch results in an increase in LER for isolated waveguides in both cases, however for arrayed features the 1:1 condition shows a decrease that is not seen in the 5:1 condition. The subsequent OPL strip and pad oxide strip steps see the LER reduced below the calculated post-Si etch value for isolated waveguides in both cases, whereas the LER increases for the arrays. It should be noted that the increase is more pronounced in the case of the 1:1 condition, 24% compared to 10% for the 5:1 condition. A similar qualitative trend is seen for the LWR, except that in the case of 1:1 condition, the LWR for isolated waveguides increases post-Si etch and decreases in the 5:1 condition.
The observed effect can be explained in terms of polymerization. CHF3 is known to be a more polymerizing etch gas than CF4, so a decreased CF4:CHF3 ratio would increase sidewall polymerization during the SiARC step. This polymerization would likely be unevenly distributed due to the amorphous nature of the SiARC film, which could then potentially induce an increased degree of roughness in the subsequent pattern transfer steps through OPL and Si. Another factor that could be considered is that a larger concentration of remnant polymeric residues after SiARC open could reduce the efficacy of the post-etch strip processes, which typically use chemistries, e.g. O2, that are known to smooth sidewalls. The fact that the LER of the arrayed waveguides increases after the post-etch strip processes while the opposite trend is observed for isolated waveguides supports this hypothesis, as the arrayed features would be more susceptible to polymer formation owing to the reduced pitch of the features. 
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This comparison was then repeated for Si waveguides (CD ~200 nm) patterned using a full Si etch. In this case the etch process was completed using the endpoint of the SiCl (281 nm) as measured through optical emission spectroscopy (OES). The compiled LER values for isolated and arrayed waveguides using both 5:1 and 1:1 conditions in the SiARC open step are presented in Table 4 . For the 5:1 case, the LER was seen to decrease from the initial calculated lithograph value, by 31% and 43% for arrayed and isolated waveguides respectively. In comparison, the 1:1 case showed a decrease for isolated waveguides by 11%, and an increase by 13% for arrayed waveguides. From the more detailed stepwise plots of the LER shown in Figure 5 (a) and (b), it is evident that similar trends as in the partial Si etch case are followed. supporting the earlier hypothesis regarding polymer formation in the array features. It should be noted that this trend was not observed for isolated waveguides, and the lower overall LER for the 5:1 condition was predominantly based on the result of the decrease following the SiARC/OPL etch.
To assess the effect of the LER on waveguide performance, optical frequency domain reflectometry (OFDR) measurements were taken for 3 cm and 10 cm length waveguides in the transverse electric (TE) and transverse magnetic (TM) modes as shown in Figure 6 . A separate etch condition with a modified OPL etch (not discussed in this work) is plotted as well, this condition did not result in LER or LWR improvement over the 1:1 or 5:1 conditions. Figure 6 . OFDR spectra showing TE (left column) and TM (right column) fitted optical loss for 3 cm (top row) and 10 cm (bottom row) waveguides, comparing 1:1 and 5:1 conditions. For 3 cm length waveguides, the fitted loss of the 1:1 and 5:1 conditions was 2.5 dB/cm (TE) and 2.1 dB/cm (TM); no significant difference was seen for either condition. Similarly, no difference was seen for the 10 cm length waveguides, the fitted loss in this case was 2.5 dB/cm (TE) and 1.8 dB/cm (TM). It should be noted that the final LER of the two conditions was not observed to be significantly different (2.5 nm for the 5:1 condition, 3.0 nm for the 1:1 condition), largely due to the higher initial lithography LER of the 5:1 condition. Nonetheless, this result could be interpreted that for this particular wavelength CD and length, the waveguide optical loss is not highly sensitive to small changes in LER.
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SiN Waveguide Patterning
Patterning of SiN presents a set of different challenges from silicon. Conventional fluorocarbon gases such as CF4/CHF3 do not offer good selectivity to organic (carbon-based) masks, and the polymerizing mechanisms of SiOx etchants such as C4F8 and C4F6 cannot be directly applied to SiN etching. Earlier work investigating novel etch gases for high-selectivity patterning of SiN found that C4H9F provided good selectivity to soft materials while providing an ability to pattern SiN with reduced LER and LWR at tight pitches (50 nm) compared to CF4/CHF3. The use of this gas also permitted a larger process window due to its enhanced selectivity. 5 Given the previously proportional relationship between aspect ratio and LWR 6 , the aim of adding C4H9F to the etchant gas admixture was to reduce the mask budget required for patterning. Earlier work (not shown) utilized a 70nm SiARC/600nm OPL layer to pattern 300nm of SiN, in this work the lithographic stack was modified according to the earlier description in Section 2.3. It was found that due to the much larger pitches involved for these waveguide architectures compared to the previous work, only a small amount of C4H9F added to a CF4/CHF3 mixture was necessary to improve selectivity. SEM images showing the profile evolution of SiN waveguides (CD ~440 nm) patterned using 300 sccm each of CF4 and CHF3, with 5 and 10 sccm of C4H9F added to the mixture are shown in Figure 7 . This wafer was etched with 10% overetch (OE) past the CN emission decrease. It can be seen that while the C4H9F containing SiN etch reduces the LWR of the waveguide, the LER remains largely unchanged. However, the result outlined earlier in Figure 9 , whereby a pure CF4: CHF3 etch condition significantly increased LER/LWR from lithography should be taken into consideration when viewing this result. To attempt to further optimize the process, the C4H9F content of the etchant gas mixture was reduced even further to 3 sccm. This condition was tested on a full wafer using the 15 nm Ti /100 nm a-C lithographic stack. In this case the OE used was 80% of the detected CN endpoint. LWR/LER plots and top-down SEM images post etch are shown in Figure 9 . It was found that the LWR and LER both decreased after the SiN etch in this case. However due to the multiple different factors that could affect this etch (e.g. the identity of the mask over the a-C layer, the degree of OE, the proportion of C4H9F), it cannot be stated definitely what contributed to this improvement in the LER. It is also apparent from the SEM image that there was some CD growth, possibly related to the large degree of overetch employed in this etch. Further characterization is required to assess the optical performance of SiN waveguides and whether the predicted reduction in sensitivity to LER can be fulfilled. A comparison of the results thus far (remaining considerate of the aforementioned differences) is presented in Table 5 . Table 5 . Comparison of final LER and LWR for isolated SiN waveguides patterned using LTO and Ti masks. CF4 and CHF3 flows were fixed at 300 sccm each, C4H9F flows were 5 and 3 sccm for LTO and Ti mask wafers, respectively.
CONCLUSIONS
LER reduction in Si waveguides was achieved by controlling the SiARC open chemistry ratio. 26-43% reduction from starting LER was achieved for isolated waveguides depending on the etch scheme (partial vs. full Si etch). The LER reduction was suspected to be correlated to reduced polymerization during the SiARC open step, leading to a lesser degree of non-uniformity for subsequent pattern transfer steps. The suspected reduction in polymerization also displayed potential consequences for the subsequent mask strip steps, as the LER reduction for tighter pitch waveguide structures was more pronounced than for isolated waveguides. As the higher feature density would enhance the amount of polymeric residues, this observation supported the proposed hypothesis. No noticeable difference in optical loss was observed for waveguides patterned using a full Si etch with the different SiARC open conditions, which could be attributed to the relatively small difference in final LER values (mostly owing to disparities in initial LER).
For SiN waveguide patterning, profile control and LER reduction were achieved by the addition of a highly selective novel etch gas, C4H9F. Patterning of a ~300nm thick SiN waveguide was achieved with a significantly reduced mask budget (~5x that of previous work). For waveguides patterned using a 15nm Ti / 100 nm a-C mask, 26% LER reduction was observed with good overetch performance up to 80%. Optical loss measurements are planned to compare this improved patterning process to waveguides patterned using conventional SiN etch chemistries.
